Laboratory experiments designed to elucidate the mechanisms of sympatric and parapatric speciation may have been handicapped by too small population sizes, although this possibility has seldom been discussed. In this paper we review the published records of sympatric and parapatric speciation experiments to test the relative importance of selection intensity applied, duration of experiment and e¡ective population size. Our results show that among these factors only e¡ective population size has had a general e¡ect on the generation of assortative mating. Reduced interbreeding is less likely to develop in small populations where the selection process often seems to have been opposed by inbreeding depression or loss of genetic variation. This study demonstrates that the experimental evidence frequently used as an argument against sympatric and parapatric speciation models is not as strong as previously believed.
INTRODUCTION
Speciation in sympatry or parapatry is an intriguing possibility which has attracted a great deal of scienti¢c attention over the last 50 years, but with the exception of autopolyploidy in plants it is still unclear if it plays a role in nature (Mayr 1963; Johnson & Gullberg 1998) . Selection against interbreeding of two populations in sympatry or parapatry has often been hypothesized to lead the way to speciation. Several hypotheses called`divergence-withgene-£ow speciation' (see Rice & Hostert 1993 ) assume that populations become genetically isolated because traits for positive assortative mating coevolve with other traits under disruptive selection. Either selection against interbreeding is thought to build non-random associations between the genes responsible for the traits (linkage disequilibrium), or it is hypothesized that the traits are di¡erent phenotypic e¡ects of the same gene (pleiotropy). The theory of`reinforcement' (Dobzhansky 1940) implies that a feedback process between selection against hybrids and positive assortative mating reinforces reproductive isolation until the interbreeding populations have become genetically isolated.
Important criticism against the sympatric and parapatric speciation models comes from experimental evidence (Scharloo 1970; Rice & Hostert 1993) . A common method to test their plausibility has been to simulate selection against interbreeding in laboratory populations and then perform mating tests to see if assortative mating has evolved. In a review, Rice & Hostert (1993) compiled most of the laboratory experiments on speciation. These were grouped into ¢ve categories, from A to E (the ¢rst two concern allopatric speciation and are not discussed further here): C, divergent selection with hybrid inviability; D, divergent selection with hybrid viability; E, divergent selection with hybrid viability in which assortative mating was intended to evolve as a pleiotropic e¡ect of selection on other traits, for example breeding habitat choice. Dismissing the success of the C-experiments because these allegedly did not truly test sympatric and parapatric speciation, i.e. speciation with gene £ow, the authors found conclusive evidence for speciation without spatial isolation only among the E-experiments. Since the trait for assortative mating and the trait under divergent selection evolved in pleiotropy, these experiments eliminated the selection^recombination antagonism argued to work against sympatric and parapatric speciation (Barton & Hewitt 1981 ) (i.e. recombination breaks up the associations that selection builds between genes that cause reduced hybrid ¢tness and genes for assortative mating). Accordingly, Rice & Hostert (1993) concluded that the selection^recombination antagonism is an important reason why virtually all other experiments on divergence-with-gene-£ow speciation, i.e. the D-group, have failed to produce assortative mating. Other conditions deemed important were that selection should be strong enough to overpower the homogenizing e¡ect of gene £ow (selection^migration antagonism) and act on several phenotypic traits simultaneously. Undeniably, evolutionary time-scales are di¤cult to simulate experimentally, so speciation could possibly have arisen in some of the unsuccessful experiments too, given enough time (Hostert 1997) .
Positive assortative mating is a key ingredient in a speciation process (Kirkpatrick & Servedio 1998) and is especially important in sympatric and parapatric speciation. However, positive assortative mating can lead to inbreeding and hence even to inbreeding depression, in which case natural selection will favour outbreeding. The rate of inbreeding ( F) will be higher the smaller the population, as described by Fˆ1/(2N e ) (Wright 1931) . A small population size also induces drift and increases the risk of ¢xation of undesirable alleles while decreasing the e¡ectiveness of selection (Robertson 1970b) . Therefore, e¡ective population size (N e ) may be an important factor to take into account when designing experiments to test Rice & Hostert (1993) the feasibility of sympatric and parapatric speciation. Remarkably though, the e¡ects of population size in laboratory experiments of sympatric and parapatric speciation have largely been ignored (but see Robertson 1970a; Barker & Karlsson 1974) . Schultz & Lynch (1997) claimed that long-term e¡ective population sizes of a few hundred individuals are necessary to avoid the ¢xation of deleterious mutations, but the vast majority of laboratory experiments on speciation have involved population sizes considerably smaller than this. Below we use Rice & Hostert's (1993) compilations of laboratory experiments of divergence-with-gene-£ow and reinforcement speciation, together with some similar ones not reviewed by the authors, to answer the question: Does e¡ective population size have an e¡ect on the outcome of such experiments ?
MATERIAL AND METHODS
We surveyed the literature, from 1950 to the present day, for laboratory studies of sympatric or parapatric speciation and found 21 papers, including a total of 63 experiments (see table 1 ). The basic design in these experiments consisted of two subpopulations that were allowed to interbreed to di¡erent degrees. A selective penalty was then applied on hybridization, either directly or indirectly. We classi¢ed the experiments from C to E, according to the notation in Rice & Hostert (1993) . For each experiment we noted or calculated a range of variables: e¡ective population size (N e ), selection intensity (i), length of the experiment in number of generations (t tot ), frequency of hybrids in the beginning (H 0 ) and the end (H 1 ) of the experiment and whether the experiment had produced positive assortative mating or not (success).
The e¡ective population size, for each subpopulation, was calculated using the formulae of Chesser et al. (1993) :
N e is the instantaneous e¡ective population size over the course of the experiment, measured at the end of the experiment, with £uc-tuation of parameters taken into account, s the number of subpopulations (two in all experiments), and d m and d f the migration rates between the subpopulations for males and females, respectively. The calculation of Wright's (1978) F-statistics, F ST and F IT , are presented in Appendix A. For simplicity we have assumed random mating, with an equal mating success for all males and a Poissondistributed number of progeny per female (lˆ2). If not stated, the sex ratio was assumed to be 1, and the migration random for both sexes (i.e. d mˆdfˆ0 .5). Hence our calculation of N e , most probably, overestimates the true e¡ective population size (see Hartl & Clark 1989) . However, this will not bias our comparisons since the overestimation should be equal in all reviewed experiments; it will only change the scale of N e and not the qualitative relationships with the other investigated variables. The selection intensity (i) was calculated from the phenotypic proportion ( p) of the total population selected to be parents the next generation (see table A in Falconer & Mackay (1996) ). If p varied between generations the harmonic mean was used.
The experiments were categorized as successful (positive assortative mating signi¢cantly deviating from random mating at the end of the experiment) or unsuccessful, in agreement with the categorization done by Rice & Hostert (1993) . Unfortunately, in some experiments prezygotic isolation tests were not made. In these cases we evaluated the success from the resulting frequency of hybrids from free interbreeding. Hence our measures of sexual isolation, including the quanti¢cation below, do not distinguish between pre-and postzygotic isolation.
Several of the experiments (Koopman 1950; Kessler 1966; Dobzhansky et al. 1976 ) involved selection for assortative matings between populations already, to a greater or lesser degree, sexually isolated. To avoid possible bias from such potential`head starts' we introduced another variable, hybrid frequency change ( H), to quantitatively determine to what extent a certain experiment should be considered successful.
H was calculated as the di¡erence in percentage of hybrids between the beginning (H 0 ) and the end (H 1 ) of the experiment relative to the total percentage of hybrids in the beginning:
We refrained from using multiple regression since the dependent variable, H, as well as its residuals, signi¢cantly deviated from normal distribution. Instead we used non-parametric statistics for all tests.
RESULTS
There was a signi¢cant di¡erence in e¡ective population size between successful and unsuccessful experiments (Mann^Whitney U-test, nˆ63, p50.01), with successful experiments having a larger median (¢gure 1). Likewise, the quantitative measurement of experimental success, H, was signi¢cantly and negatively correlated with N e (Spearman's rank correlation, nˆ63, »ˆ70.37, p50.01).
There was no e¡ect of selection intensity on H across all experiments (nˆ60, »ˆ70.0048, p40.05). When experiments with large and small N e were separated, with the mean (97.9) as a borderline, the picture changed. There was a positive correlation between i and H among small experiments (nˆ39, »ˆ0.33, p50.05) but a non-signi¢cant negative trend among large experiments (nˆ21, »ˆ70.40, pˆ0.07). When the smallest of the large experiments (N eˆ1 07) was removed the correlation became signi¢cant (nˆ20, »ˆ70.50, p50.05; ¢gure 2). There was no correlation between H and the product of N e and i among experiments with N e smaller than the mean (nˆ39, »ˆ70.05, p40.05), but a negative correlation among those larger than the mean (nˆ21, »ˆ70.48, p50.05).
Population size in speciation experiments
Over all, there was a negative e¡ect of the length of the experiment (t tot ) on H, making experiments with more generations more prone to succeed (nˆ63, »ˆ70.30, p50.05). However, the variables t tot and N e turned out to be highly intercorrelated (nˆ63, »ˆ0.48, p50.001). To determine which one had the highest impact on the outcome of an experiment we performed a partial correlation test using Spearman's ». Keeping t tot constant resulted in a signi¢cant negative e¡ect of N e on H (nˆ63, »ˆ70.27, p50.05) while keeping N e constant showed that the length of the experiment per se had no e¡ect on H (nˆ63, »ˆ70.15, p40.05).
The experiment types di¡ered in hybrid frequency change, H (Kruskal^Wallis, nˆ63, À 2ˆ2 9.0, p50.0001) but also in N e (Kruskal^Wallis, nˆ63, À 2ˆ1 5.9, p50.001) with the E-group containing both the largest and, together with the C-group, the most successful experiments (¢gure 3). Including only the 43 experiments classi¢ed in Rice & Hostert (1993) did not signi¢cantly alter the relationships.
DISCUSSION
Our results show that e¡ective population size has had an important e¡ect on the outcome of published experiments on sympatric and parapatric speciation, both qualitatively and quantitatively. Successful experiments, i.e. those resulting in signi¢cant positive assortative mating, have on average comprised a larger e¡ective population size. The negative correlation between e¡ec-tive population size and relative change in hybrid frequency underlines the importance of a large population size as a prerequisite to achieve a high degree of positive assortative mating.
One explanation of the in£uence of the population size could be that as selection proceeds genetic variation becomes depleted more rapidly in smaller populations. Although additive genetic variation will initially increase under positive assortative mating (Crow & Kimura 1970 )öwithout enough mutations it will ultimately vanish. According to Schultz & Lynch (1997) an e¡ective population size above 100 is needed for mutations to make up for the continuing loss of genetic variation. Interestingly, this number is almost the same as the mean e¡ective population size reported in this paper for the selection experiments considered (97.9).
Another explanation stems from the fact that selection (for any trait) is more e¡ective in a larger population. Given a certain initial frequency and a certain gene e¡ect the chance of ¢xation of a favourable allele is a function of the product of the e¡ective population size and the intensity of selection (N e £ i) (Robertson 1970b ). Therefore, the lack of a correlation between this product and the change in hybrid frequency among experiments with an e¡ective population size smaller than the mean requires a di¡erent explanation.
An alternative possibility, which has hardly been discussed at all in relation to speciation theory, is that development of inbreeding depression prevents the evolution of reproductive isolation. Selection against outbreeding must be stronger than the selection against inbreeding that will develop in all ¢nite populations for any positive assortative mating to evolve. In most cases, the experimentally applied selection against outbreeding has been kept at a constant level over time. In contrast, natural selection against inbreeding will continually increase as more and more detrimental alleles become ¢xed. Should the two selection intensities come to balance each other, neither traits for inbreeding nor traits for outbreeding will be favoured, and the speciation process will grind to a halt.
A factor that has been deemed important for the outcome of speciation experiments is the intensity of the selection applied ( intensity did not show an all-pervading e¡ect on the outcome in the experiments we have analysed. This counter-intuitive result could be explained in terms of e¡ective population size. Intense selection will produce an earlier but smaller response than will weak selection (Robertson 1970b ) as a result of the depletion of genetic variation, which will be more signi¢cant in smaller populations. Furthermore, in a smaller population, inbreeding depression is more likely to evolve rapidly enough for selection against inbreeding to overwhelm the applied selection. Therefore, we will expect to see a negative correlation between hybrid frequency change and selection intensity only among large experiments and a positive rather than a negative correlation among small experiments. This is the pattern we found on either side of N eˆ1 07 (¢gure 2). It has earlier been assumed that the outcome of a sympatric or parapatric speciation experiment could be in£uenced by the duration of selection (Chabora 1968; Hostert 1997) . Like Chabora (1968) , we failed to ¢nd any evidence for this.
Many of the populations used in the experiments cited have been kept breeding under laboratory conditions for long periods of timeöin some cases exceeding 20 years (Robertson 1970a) . Consequently, it is likely that they have gone through several accidental bottlenecks and lost genetic variation already before the start of the experiment. Furthermore, during periods of small population size, a too discriminant female may never have encountered a male satisfying her courtship requirements, and therefore selection will have acted to increase the frequency of non-discriminant females (Kaneshiro 1989) . In addition, the high risk of inbreeding in small populations may have induced selection towards negative assortative mating. Taking the history of the laboratory populations into account, applied selection will seem even more unlikely to generate a positive assortative mating response in a small laboratory population.
Sympatric and parapatric speciation hypotheses have been widely criticized and seem to require a narrow set of conditions. From the invariable success of E-type experiments Rice & Hostert (1993) concluded that strong, discontinuous, divergent selection, acting on multiple traits, with a pleiotropic e¡ect on assortative mating is required for reproductive isolation to arise in sympatry or parapatry. However, it is necessary to take great care when interpreting such experimental results as these, because experiments are highly susceptible to inadequacies in design. The success of the E-experiments (¢gure 3) could be explained at least as well by these particular experiments having the largest population sizes. In conclusion, our analysis does not support the sympatric and parapatric speciation models, but reveals that the experimental evidence frequently used against them is not as strong as previously believed.
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Furthermore, the value of is dependent on the probability, ¿ that random females within a breeding group mate with the same male:
where the total number of males is denoted by m and b is the average number of females mated by each male. Throughout our analysis b was assigned a value of 1 with a variance of 0.
Sometimes the values of n, m, d m and d f changed over the course of the experiment. In those cases we performed calculations for each consecutive set of parameters and then used the harmonic mean of N e over the whole experiment.
